Abstract Myeloid-derived suppressor cells (MDSC) are one of the major factors limiting the efficacy of immune therapy. In a clinical trial of patients with extensive stage small cell lung cancer (SCLC), we tested the possibility that targeting MDSC can improve the induction of immune responses by a cancer vaccine. Forty-one patients with extensive stage SCLC were randomized into three arms: arm A-control, arm B-vaccination with dendritic cells transduced with wild-type p53, and arm C-vaccination in combination with MDSC targeted therapy with all-transretinoic acid (ATRA). Interim results of the ongoing clinical trial are presented. Pre-treatment levels of MDSC populations in patients from all three arms were similar. Vaccine alone did not affect the proportion of MDSC, whereas in patients treated with ATRA, the MDSC decreased more than twofold (p = 0.02). Before the start of treatment, no patients had detectable p53-specific responses in IFN-c ELISPOT. Sequential measurements did not show positive p53 responses in any of the 14 patients from arm A. After immunization, only 3 out of 15 patients (20 %) from arm B developed a p53-specific response (p = 0.22). In contrast, in arm C, 5 out of 12 patients (41.7 %) had detectable p53 responses (p = 0.012). The proportion of granzyme B-positive CD8 ? T cells was increased only in patients from arm C but not in arm B. Depletion of MDSC substantially improved the immune response to vaccination, suggesting that this approach can be used to enhance the effect of immune interventions in cancer.
Introduction
The efforts in cancer immune therapy are focused on increasing the frequency of CTL-mediated tumor destruction by applying cancer vaccines, adoptively transferred antigen-specific T cells, inhibitors of checkpoint blockades (CTLA4, PD1), or other immune therapeutics [1] . However, even in tumor-bearing mice, once tumors are established, these interventions have relatively limited efficacy, and the rate of clinical responses in cancer patients, although encouraging, remains relatively low [2, 3] .
It is now fully appreciated that tumor-specific immune responses in cancer are inhibited. Large numbers of different factors have been implicated in this process, including regulatory T cells (Treg), myeloid cells, various soluble factors and cytokines, inhibitory molecules expressed by immune and tumor cells, etc. [4] [5] [6] . Among these factors, myeloid-derived suppressor cells (MDSC) play a prominent role. MDSC are a heterogeneous group of pathologically activated immature myeloid cells and myeloid precursors with potent immune suppressive activity [7] [8] [9] [10] . Two major groups of MDSC have been identified: polymorphonuclear (PMN) and mononuclear (M) MDSC. These cells share common features (immature myeloid cells with immune suppressive activity) but differ in morphology, phenotype, and mechanisms of suppressive activity [8] . In cancer patients, these MDSC have a partially overlapping phenotype that can be identified using several markers, which largely depends on the type of tumor. 
PMN-MDSC and CD15
-M-MDSC. In some tumors, most notably melanoma, M-MDSC are defined as CD14
? HLA-DR -/lo [11, 12] . MDSC are characterized by potent immune suppressive activities in both antigen-specific and non-specific experimental systems.
The association between tumor progression and the presence of MDSC in cancer patients was demonstrated in a number of studies. In patients with solid tumors, a significant correlation between circulating MDSC and clinical cancer stage was observed. Among stage IV patients, those with extensive metastatic tumor burden had the highest percent and absolute number of MDSC [13] . Patients with lower levels of circulating MDSC at baseline and on the last cycle of chemotherapy had a significantly higher probability of a pathologic complete response [14] . Increased circulating MDSC correlated with clinical stage and pathological grade in patients with bladder cancer [15, 16] and pancreatic cancer [17] . Recently, there was the first report linking clinical response to vaccination to accumulation of MDSC in patients with renal cell cancer [18] . Experiments in mice demonstrated that elimination of MDSC with antibodies or different compounds could substantially improve an antitumor immune response, which resulted in antitumor effect [8] . However, no data are available testing the hypothesis that depletion of MDSC can improve the effect of cancer vaccines or other immune therapeutic modalities in cancer patients.
In this study, we addressed this question in the settings of a randomized phase II trial in patients with extensive stage small cell lung cancer (SCLC). As a vaccine, we used dendritic cells (DC) transduced with an adenovirus expressing p53 (Ad.p53) [19] . This vaccine was used in our previous phase I/II trial of patients with SCLC and demonstrated immunological activity with induction of p53-specific response in almost 50 % of the treated patients [20] . Moreover, the immune response to vaccination was associated with substantial objective clinical response to second-line chemotherapy in those patients. To target MDSC, we chose to use all-trans-retinoic acid (ATRA). In previous studies, ATRA showed a direct effect on MDSC by causing apoptosis of PMN-MDSC and differentiating M-MDSC to mature myeloid cells (macrophages and DC) [21] [22] [23] . Treatment of tumor-bearing mice with ATRA substantially decreased the presence of MDSC in spleens [21, [24] [25] [26] . Treatment of patients with renal cell carcinoma showed a substantial reduction in the level of MDSC in peripheral blood [27] .
The current study was designed to address the question of whether the combination of DC-p53 with ATRA improved the clinical outcome of the disease. An optimal two-stage design with early termination rule was used to compare the effect of ATRA on clinical outcome. Although this clinical trial is still ongoing, the first stage is completed. This allowed us to perform interim immunological analysis of the data and evaluate the effect of MDSC depletion on induction of antigen-specific immune responses in cancer patients.
Materials and methods
Trial design, patient selection, and treatment Patients with extensive stage SCLC were enrolled on this study. The trial was registered at The ClinicalTrials.gov as NCT00617409. All patients provided a written informed consent, and the treatment protocol was approved by University of South Florida Institutional Review Board. The treatment schema is shown in Fig. 1 . Patients received 4-6 cycles of a standard platinum/etoposide regimen as first-line chemotherapy. Patients with stable disease (SD) or better with Eastern Cooperative Oncology Group (ECOG) performance status of 0-2, and adequate organ function were screened for initial registration approximately 4-6 weeks after the completion of first-line chemotherapy. Prophylactic cranial irradiation (PCI) was permitted and was administered at the discretion of treating oncologist. Eligible patients were randomized at 1:1:1 ratio to one of three arms: arm A (standard of care control patients or observation), arm B: (patients treated with p53 vaccine only), or arm C (patients treated with vaccine in combination with ATRA) at the time when clinical response to initial chemotherapy was documented. The primary objective was to evaluate the efficacy of the two experimental regimens. An optimal two-stage design was used that has been successfully applied in randomized phase II trials to rank experimental agents [28, 29] . The control arm was used to examine consistency with historical control data to assure that patients entering the phase II trial were comparable to historical controls.
Each vaccine consisted of 2-5 9 10 6 autologous DC expressing p53 after infection with adenovirus encoding full-length wild-type p53 gene (Ad-p53 DC). Cells were injected intradermally, at two-week intervals three times (three vaccine doses). Patients were restaged approximately 2 weeks after the 3rd vaccine dose. Patients without disease progression (PD) underwent a second leukapheresis and were then vaccinated 3 more times at 4-week intervals. Patients on arm C also received 150 mg/m 2 ATRA for 3 days beginning 1-day prior to each vaccine. This scheduling was based on our previous data [27] that demonstrated persistence of the ATRA effect on MDSC for a minimum of 2 weeks. All patients were followed until evidence of PD at which time, they received salvage or second-line therapy with single agent paclitaxel.
Preparation and administration of DC vaccine DC were prepared from mononuclear cells (MNC) collected by leukapheresis in the Cell Therapy Core at H. Lee Moffitt Cancer Center. Preparation of the DC and their characterization was described previously [20] . Briefly, after thawing, MNC were placed in X-VIVO-15 medium (Biowhittaker, Walkersville, MD, USA) in tissue culture flasks at a concentration of 1.3-1.7 9 10 6 cells per cm 2 . After 2-h culture, non-adherent cells were removed and the flasks were recharged with X-VIVO-15 medium supplemented with 5 ng/ml GM-CSF (Immunex), and 5 ng/ml IL-4 (R&D Systems, Minneapolis, MN, USA). The flasks were incubated for 48 h, at which time additional cytokine supplemented medium was added to the flasks. The flasks were then incubated for an additional 72 h. The nonadherent and loosely adherent cells were collected and infected with Ad.p53 [20] and incubated for 2 h after which X-VIVO-15 medium was added for a 10 6 cells/ml concentration, and cells were incubated for an additional 46 h. The optimal viral particle to cell ratio used was 15,000:1 as determined for our previous study [20] . The vaccine release criteria included (a) negative Gram's staining; (b) negative Mycoplasma test by PCR analysis; (c) maximum endotoxin concentration of 5 EU/mL; and (d) a mature DC-p53 expressing phenotype. DC phenotype was defined as lineage (CD3, CD14, CD19, CD20, CD56) negative, HLA-DR positive, CD86 positive, and p53 positive cells. Intracellular staining for p53 was performed using a kit from Caltag, Burlingame, CA. DC vaccines in 1 ml were injected intradermally into 4 separate sites (0.25 ml at each site) in bilateral proximal upper and lower extremities (in the regions of the axillary and inguinal nodal basins) three times after the baseline blood samples were drawn and at 2-week intervals.
Evaluation of immune responses
Blood samples were collected in heparin tubes and processed immediately usually within 1 h. For MNC isolation, a density gradient protocol was used (Ficoll-Paque TM PLUS, GE Healthcare Biosciences, PA). MNC were collected from patients at different time points during the treatment ( Fig. 1 ) and kept frozen in liquid nitrogen. All samples from one patient were analyzed simultaneously to reduce inter-experimental variability. MNC were thawed, incubated overnight in complete medium (RPMI-1640 supplemented with antibiotics and 10 % FBS) and then used in experiments. Cell viability was greater than 80 %. T cell responses were assessed using IFN-c ELISPOT after the addition of a recombinant canarypox virus (ALVAC) containing wild-type p53 or empty vector (obtained from Aventis Pasteur, Toronto, Canada) to accomplish infection of APC in the culture and incubated for 48 h. Empty AL-VAC virus served as a control. The initial infection step was performed in serum-free media (supplemented with cytokines) for 90 min after which complete media was added. In the IFN-c ELISPOT assay, 2 9 10 5 MNC were seeded in triplicates or quadruplicates in 96-well plates precoated with an anti-IFN-c antibody. To ascertain that T cells were functionally competent, for each sample, additional controls were prepared (unstimulated or PHA (5 lg/ ml) stimulated cells), and the plate was further incubated for 36 h. The number of IFN-c producing cells was evaluated as described previously [20] using an automated ELISPOT reader (Cellular Technology, Ltd, OH).
After start of the trial, we developed a more effective method of T cell stimulation, and it was used in addition to the one described above for most of the patients. This method included the generation of DC from MNC in vitro from one of the patients' samples with GM-CSF and IL-4 using cytokines and serum-free media from CellGenix Technologie Transfer GmbH, Freiburg, Germany. DC were infected with ALVAC-p53 or ALVAC-control (20,000 viral particles per DC) and used for T cell stimulation at DC:T cell ratio 1:10. IFN-c ELISPOT assays were performed as described above.
Criteria used to determine the presence of immune responses
An individual patient was considered a responder if at any time point the response in the IFN-c ELISPOT assay was higher than 30 spots per 2 9 10 5 and the response to ALVAC p53 was more than 2 SD higher than the response to corresponding ALVAC-control at the same time point and 2 SD higher than the corresponding response at the base line (before start of the treatment).
Analysis of cell phenotype
Cell phenotype was evaluated by multicolor flow cytometry using a LSR II flow cytometer and monoclonal antibodies obtained from Becton-Dickinson. The following antibodies were used: CD4-Alexa 700; CD25-PE; CD127-Alexa 647; CD45RA-PerCP-Cy5.5; Foxp3-Pacific Blue (BioLegend, San Diego, CA); CD3-FITC (for the Treg panel); CCR7-PE-Cy7 (for the Treg, and CTL panels); CD3-PE; CD14-PE; CD19-PE; CD56-PE (as lineage-PE); HLA-DR-APC; CD33-PE-Cy7; CD86-FITC; CD11b-APC. Additional antibodies were used for the CTL panel: CD107a-PE; IFN-c-APC; granzyme B-FITC; CD3-PerCP; CD8-APC-H7; CD4-Pacific Blue.
The following combinations of antibodies were used to identify cell populations: ). Dead cells were eliminated from the analysis by using DAPI staining, and in samples with intracellular staining by using Live/Dead Yellow solution (Invitrogen, Carlsbad, CA).
Intracellular cytokine staining
For the antigen-specific CD8
? and CD4 ? T cell, characterization cells were cultured for 24 h in the presence of ALVAC-p53 or ALVAC-control. Golgi-stop (0.7 ll/ml) and Golgi-plug (1ll/ml) (monensin and brefeldin from BD Biosciences) were added to each well. After 6 h of incubation at 37°C in a 5 % CO 2 incubator, cells were harvested and the surface and intracellular staining was performed. For all intracellular staining steps, the fixation and permeabilization reagents used were from eBiosciences according to the manufacturer's instructions. To determine p53-specific responses, the proportion of cytokine-producing cells cultured in the presence of ALVACcontrol was subtracted from the proportion of cytokinepositive cells cultured with ALVAC-p53.
Statistical analysis
An optimal two-stage design was used in this study [28] . From historical and preliminary data, we considered \25 % response rate to second-line (salvage) chemotherapy as not warranting further study [30] . We were interested in at least 25 % (25 vs. 50 %) improvement in treatment efficacy for arms B and C. Therefore, 50 % response rate was used as a promising result to pursue further study. Using this design with a 5 % type I error rate and 20 % type II error rate, 9 patients were to be enrolled in the first stage of the trial with 5 % rejection error. If 2 or fewer of the 9 patients responded, the treatment was to be stopped. If 3 or more patients showed a response, 15 additional patients (a total of 24 patients per group) would be enrolled.
We utilized GraphPad Prism software for statistical analyses. Antigen-specific immune responses to immunization were analyzed by descriptive statistics. The Wilcoxon Mann-Whitney test was used to determine a relationship between two groups with continuous variables. Univariate associations between frequency of responders and groups were analyzed by Fisher's exact test considering small sample sizes. Two-sided tests were used for all calculations. The statistical significance for all analyses was determined with p \ 0.05.
Results
Fifty-six patients were enrolled to stage one of the trial: 18 to arm A (control), 19 to arm B (vaccine alone), and 19 to arm C (vaccine plus ATRA). Patient dropouts and rapid disease progression preventing patients from completing at least one round of salvage (paclitaxel) chemotherapy were the reason for the larger number of patients enrolled in stage one. Objective clinical response to paclitaxel was observed only in 2 patients in arm B. Therefore, arm B was closed due to the lack of efficacy rule. In contrast, patients in arm C met the criteria for further investigation and arm C continued to stage II.
Accrual to the clinical trial continues to address the clinical endpoints; however, sufficient patients were treated to assess the immunological endpoints of the trial. Therefore, we report the analysis of immunological parameters for 41 patients (14 to arm A, 15 to arm B, and 12 to arm C) for whom paired blood samples before and after completion of three vaccinations were available. Patients' clinical characteristics were mostly comparable in all arms as described in Table 1 . Peripheral blood was collected before the start of the first vaccination and 1-2 weeks after the completion of three rounds of vaccination (arms B, C) and at similar time points after enrollment in arm A. In all cases, samples were collected before the start of secondline chemotherapy.
First, we asked whether treatment with ATRA resulted in a decrease of MDSC in the patients. In many tumor types, MDSC are defined as Lin -HLA-DR -CD33 ? or CD11b
? CD14 -CD33 ? cells [8, 31] . We previously demonstrated that these cells have potent immune suppressive activity [32] and observed accumulation of these cell populations in patients with SCLC [20] . Gating strategy used in this study to define these cells is shown in Fig. 2a . Pre-treatment levels of MDSC populations in patients from all three arms were similar (p [ 0.07). Treatment of patients from arm B with vaccine alone did not affect the proportion of MDSC (Fig. 2b, c) , whereas in patients treated with ATRA the presence of Lin -HLA-
? MDSC decreased more than twofold (p = 0.02) (Fig. 2b) . The proportion of CD11b ? CD14 -
CD33
? MDSC decreased less dramatically but also significantly (p = 0.03) (Fig. 2c) . No significant differences were observed in the proportion of conventional DC and Treg (Fig. 2d, e) .
Next, we evaluated p53-specific immune responses using IFN-c ELISPOT assays and the criteria, described in Methods. Prior to the start of treatment, no patients had detectable p53-specific responses. Consecutive measurements did not show positive p53 responses in any of the 14 patients from arm A. After three immunizations, 3 out of 15 tested patients (20 %) from arm B met the criteria for a p53-specific immune response, which was not significantly different from arm A (p = 0.22). In contrast, 5 out of 12 patients (41.7 %) in arm C had detectable p53 responses, which was significantly higher than in control group (p = 0.012) (Fig. 3a) .
The proportion of p53-specific IFN-c positive cells CD4
? and CD8 ? T cells was evaluated using intracellular cytokine staining. Prior to the treatment, no statistically significant differences between the arms were seen (p [ 0.07) (Fig. 3b, c) . The immunization increased the proportion IFN-c positive CD8
? (Fig. 3b ) and CD4
? (Fig. 3c) T cells. The proportion of granzyme B (GrzB) positive CD8 ? T cells was increased only in patients from arm C but not from arm B (Fig. 3d) .
Further, we assessed the kinetics of immune responses in 8 p53-responsive patients. In three patients, only two time points (before and after vaccination) were available, and in one patient, the immune response disappeared after the start of chemotherapy. In two patients, the immune response generated by the vaccine persisted for more than a year, and in other two patients, it lasted 6-8 months. In all these cases, the p53-specific response declined without chemotherapy (patients had no progressive disease and were not treated with second-line chemotherapy) (Fig. 4) .
Discussion
Among many factors involved in negative regulation of immune responses in cancer, MDSC play a very prominent role due to their ability to substantially expand and inhibit immune responses in tumor-bearing hosts. This suggested that targeting MDSC could be an attractive therapeutic strategy.
There are currently a number of drugs that have a toxic effect on MDSC [8] . ATRA was historically the first therapeutic compound that was used to target MDSC [22] . Its use was based on the initial observation that in patients with solid tumors, MDSC comprised of immature myeloid cells with some features of promyelocytes [33] . The promyelocytic nature of human MDSC was recently confirmed in patients with hematologic malignancies [34] . ATRA exerts its effect via binding in the nucleus to specific retinoic acid receptors (RAR) a, b, or c. These RARs can bind to one of the retinoid X receptors (RXRs) a, b, or c, and then in the presence of retinoic acid (RA), this complex binds to DNA and activates transcription of numerous RA response genes (reviewed in [35] ). ATRA was known to have clinical activity in patients with acute promyelocytic leukemia (APL). APL is associated with a chromosomal translocation involving chromosomes 15 (PML gene) and 17 (RARa gene), which results in the expression of PMLRARa fusion protein. Treatment of APL with ATRA displaces the chimeric PML-RARa protein and restores PML and RARa overcoming the differentiation block and committing APL cells to differentiation. In previous studies, ATRA showed a direct effect on MDSC, causing apoptosis of PMN-MDSC and differentiating M-MDSC to mature myeloid cells [21] [22] [23] 33] . The effect of ATRA on MDSC was linked to up-regulation of glutathione synthase and glutathione (GSH) in these cells. GSH dampened the level of reactive oxygen species (ROS) in MDSC and thus promoted their differentiation [36] . ATRA has also been shown to improve the differentiation of DC in cancer patients [37] and to drive the differentiation of monocytes into DC-like cells [38] . Treatment of tumor-bearing mice with ATRA substantially decreased the number of MDSC in spleens and enhanced the effect of cancer vaccines [21, [24] [25] [26] . Treatment of patients with renal cell carcinoma showed a substantial reduction in the level of MDSC in peripheral blood [27] .
Previously, in a non-randomized phase II trial, we demonstrated that p53 vaccine alone had rather limited antitumor effect. However, patients who were treated with second-line chemotherapy at progression demonstrated remarkably strong clinical response when compared to historic controls [20] . These results contributed to the development of a new paradigm, suggesting that immune therapy could augment the effect of chemotherapy [39] [40] [41] . The current trial was designed to test this concept prospectively in newly diagnosed patients in a randomized trial. Patients that progressed after vaccine were treated with second-line chemotherapy. This clinical trial included early stoppage rule, which required assessment of clinical response to chemotherapy when at least 9 patients in each treatment group completed at least one round of chemotherapy. Not all patients that were treated with vaccine received the second-line chemotherapy. Some patients had stable disease or better after completion of the vaccination that persists, some patients progressed rapidly and could not be treated, while some patients refused further treatment. Therefore, a total of 56 patients were enrolled in first stage of the trial. Patients in arm C (vaccine ? ATRA) met the response criteria that warranted continuation to the second stage. The response of patients on arm B (vaccine alone), which was 20 %, did not meet the response criteria, and this arm was discontinued. Stage two of the trial is currently under way. However, the completed portion of the trial allowed us to address the question whether ATRA has an impact on the development of p53-specific immune responses.
This study was not designed to power a formal comparison between the two treatment arms (B and C) because it will require a much larger sample size. Because of this limitation, we used the ''pick the winner'' strategy as an alternative to prioritize the treatment arms [29, 42] . In our study, it was designed to evaluate the efficacy of each of the two treatment arms. This study design has several features, such as randomization to reduce bias and to allow a greater degree of comparability, as well as to allow for termination of an ineffective treatment arm earlier.
There are several major populations of MDSC currently defined in cancer patients. Two of them, Lin -HLA-DR -
CD33
? and CD14 -CD11b ? CD33 ? , were increased in patients with lung cancer. We previously showed that these populations are indeed immune suppressive MDSC [32] . It is important to point out that more than 60 % of MDSC are lost during freezing/thawing of the samples (data not shown). This may explain relatively small proportion of MDSC detected in this study. This was consistent with recent reports demonstrating that granulocytic (PMN) population of MDSC is cryosensitive [43, 44] . Despite these obvious limitations, the proportion of MDSC in frozen samples of peripheral blood from cancer patients showed correlation with clinical stage of the diseases, tumor progression, and response to immune therapy [13, 18, 27] . We used a short course of ATRA treatment that demonstrated the depletion of MDSC in a previous clinical trial in patients with renal cell carcinoma [27] . In the current trial, a significant reduction in MDSC was observed only in patients on arm C, which supported the hypothesis that ATRA indeed depleted these cells. No effect on the presence of DC or Treg was seen. This was not unexpected, since in animal studies only continuous long-term treatment with ATRA resulted in increased Tregs [45] [46] [47] , whereas in this trial, three short (3-day each) courses of the drug were administered. P53-specific immune responses were not detected in any patient from arm A, or after firstline chemotherapy in arms B and C. Only 20 % of patients treated with vaccine alone developed immune response to vaccination. This was substantially lower than 57.1 % observed in our previous trial with the same vaccine [20] . The main differences between these two trials were in the selection of patients. The majority of patients in the previous trial were previously treated, having a relatively long history of the disease, whereas in the current randomized trial, only newly diagnosed patients were enrolled. As a result, in the previous trial, there was a bias toward patients with slow progression of disease and thus perhaps more responsive to the therapy. In the current trial, the addition of ATRA increased the immune responses to vaccination to almost 42 % indicating that MDSC depletion indeed may improve the immune response to vaccination. Importantly, our results also present the first indication that such improvement may translate into clinical benefits. The response rate to the second-line chemotherapy in patients from arm C was higher than in patients from arm B although this result is preliminary. Although ATRA as a single agent is not effective in lung cancer, it was reported that in combination with chemotherapy, it might improve responses and survival of patients with non-small cell lung cancer [48] . However, in our trial, ATRA was given only for 3 days at the time of each vaccination. Chemotherapy was started at least 3-4 weeks after last vaccination (and ATRA administration). Therefore, ATRA could not directly affect the response of tumors to chemotherapy. Thus, our study, for the first time, demonstrates that MDSC depletion in cancer patients may improve the antitumor immune response to vaccination and provides direct rationale to use this approach to augment cancer immune therapy. 
